Optical gap solitons refer to nonlinear waves propagating in optical fibers whose linear refractive index has a periodic variation. Stationary gap solitons came to light first in 1987 ͓Chen and Mills, Phys. Rev. Lett. 58, 160 ͑1987͔͒; two years later, they re-emerge in Christodoulides and Joseph ͓Phys. Rev. Lett. 62, 1746 ͑1989͔͒ and are first extended to a more general traveling wave form in Aceves and Wabnitz ͓Phys. Lett. A 141, 37 ͑1989͔͒. But it was not until seven years later, that the first experimental demonstration ͓Eggleton et al., Phys. Rev. Lett. 76, 1627 ͑1996͒; J. Opt. Soc. Am. B 14, 2980 ͑1997͔͒ was reported. Since then, there has been an increase in the study of the dynamics and applications of such solitons. This paper is a brief survey of some of the ongoing and future research on optical gap solitons. © 2000 American Institute of Physics. ͓S1054-1500͑00͒01503-2͔
I. INTRODUCTION
The history of optical gap solitons is similar to that of optical phenomena described by the integrable nonlinear Schrödinger equation ͑expect for the fact that gap solitons are not true solitons, since the governing equations are nonintegrable͒. The theoretical discovery of the soliton and its integrability properties led to several applications. Since the soliton propagation in an optical fiber was first demonstrated 20 years ago, we have seen an explosion of ideas, experiments and designs of novel all optical communications lines based on the robustness of the soliton ͑see papers on this special issue͒. We remind the readers that the soliton property is based on the interplay between temporal dispersion and the nonlinear refractive index which causes focusing. Typical ͑dispersion, nonlinear͒ lengths at which this balance is achieved varies from a few hundred meters to several kilometers, which are ideal for several applications. What Bragg gratings and the gap soliton brings at sufficiently high powers, is realizing this balance in a few centimeters. We can clearly see how this would facilitate future all optical switches as it was suggested in a recent paper, 1 novel soliton lasers, pulse compressors, etc. Furthermore, the unique dispersion relation of the fiber grating, and the corresponding solitons, allows in theory all velocities from zero, to the speed of light in the bare fiber. An ongoing challenge of trapping light is currently a topic of great interest, as recent literature suggests. One would hope to achieve zero velocity by a clever tailoring of the Bragg grating. This research goes beyond its intellectual value; all optical buffers and storing devices can be based on such fibers. This paper is a brief survey of recent work and suggestions for future directions. Most of the work is currently motivated by recent and possible future experiments. We cannot present all work in full detail, but we hope to give as fair a survey of the literature on the subject as we can. Any omissions are unintentional. Just to name some areas not covered in this article, there has been extensive work on gap solitons in quadratic media. 2 There is also work on gap solitons in active media, 3 and Raman gap solitons, 4 where the authors suggest the use of the Raman effect as a way to build a stationary gap soliton. There is also work outside the classical optics regime; two examples are quantum gap solitons 5 as well as gap solitons in Bose-Einstein condensates. 
II. MODELING OF DIFFERENT GRATING STRUCTURES
Here we will go through several systems with a rich array of grating structures, including short period (Ϸ1 m), long period (100 m), uniform and nonuniform gratings. The last two cases are of particular interest and depart from the basic fiber structure in that in one case ͑Sec. II D͒ an array of fiber gratings is modeled and in the other ͑Sec. II E͒ a wave guide structure is discussed. I expect that in the next year or two, we will see experiments in such structures demonstrating localization and steering of optical bullets.
We begin with the fundamental fiber grating structure and a brief description of the coupled mode equations. This will give a motivation to extend the theory to more sophisticated grating structures.
A. Coupled mode equations
Fiber gratings have had wide applications in particular as sensors, filters and in laser systems where they are used as mirrors or pulse compressors. In all these cases the grating acts as a linear optical element. Recent experiments on fiber gratings, 7 demonstrated the existence of Bragg grating solitons as they were predicted in Refs. [8] [9] [10] . At high intensities, these solitons ͑or solitary waves͒, are the result of a balance between the grating induced dispersion and the nonlinearity. The extraordinary feature is that this balance is achieved in distances of the order of a few centimeters, which opens the possibility of applications in ultrafast phenomena or as a a distributed feedback pulse generator.
A fiber grating refers to a standard fiber with linear refractive index n , where a periodic perturbation n p ϭ⌬n cos(2/d) z) is super-imposed on it. The period of the index of refraction d is of the order of the light inverse wavelength; a consequence of this is that in such dielectric, strong back reflection of light happens at frequencies inside the photonic bandgap
where B ϭc/n d is the Bragg frequency and Ϸ0.8, is the fraction of energy in the core. The addition of a Kerr-type nonlinearity n 2 I in the index of refraction, compensates at high intensities the linear behavior generating the grating solitons. These solitons are a superposition of pulsed like forward and backward fields whose envelopes satisfy the nonlinear coupled mode equations ͑NLCME͒ 
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where E 1(2) is the backward ͑forward͒ field envelope, is the detuning between the inverse wavelength of light and 2/d; ⌫ S ϭ⌫ X ϭ4n n 2 /Z 0 are the self and cross phase modulation coefficients, with being the free space wavelength and Z 0 the vacuum impedance. Despite the fact that these equations have exact solitary waves solutions, 10 there are no rigorous studies on their stability properties due to the presence of relevant perturbations ͑like losses, gain͒, except possibly for; 12 equally important for the possible application as a multipulse generator, is to find conditions for the existence of such solutions.
As it turns out, for frequencies close but outside the edge of the photonic bandgap, the NLCE are well approximated by the nonlinear Schrödinger equation
where the ''effective'' dispersion and nonlinear coefficients depend on the Bloch mode profile and on how close the frequency of the electric field is to the edge of the bandgap. 13 Both are equally important in that experimental efforts at Bell Labs 7 and at Southampton University in England, 14 run, respectively, outside and inside the gap.
An obvious benefit of working in the NLSE approximation is that one can simply exploit all the known results of solitons and soliton perturbation theory in the NLSE and verify them experimentally, keeping in mind that because the effective dispersion is so big, that at high intentities all predicted phenomena would be observed at short ͑cm͒ propagation distances.
Two recent examples are first, the study of modulational instability and pulse break-up in these gratings in the context of the NLSE 7, 15, 16 approximation. The second example is that of understanding pulse-pulse collision with known input conditions, consisting of two pulses. Numerical simulations 17 showed some regions of almost elastic collisions, but others where this was not the case. For a long time interaction between pulses, one expects a departure from the NLS regime, and this is what we see. A detailed explanation of the whole class of outputs in a more realistic finite propagation problem, with input pulses at one or both ends is still research in progress.
B. Study of pulse dynamics in long-short period fiber gratings
As it was just stated before, the additional short (Ϸ1 m) period grating will enhance dispersion, making the device work in realistic (Ϸ cm) lengths. If in addition, the device has also a long (Ϸ100 m) period grating, we have a structure that can effectively couple core and cladding modes. This is a system that to date has not been thoroughly studied. It is a challenging problem in that it involves three length scales; the short period, the long period and the slowly varying envelope scales. By applying multiple scale methods, one expects to find the coupled mode equations for both continuous wave and short pulse dynamics with detuning effects included, with the equations to be of the form
where the superindex jϭ1(2) refers to the core ͑cladding͒ mode and the subindex 1(2) refers to a forward ͑backward͒ field. As it was just mentioned above, this is the expected form of the equations. In deriving it, all coupling and detuning coefficients should be obtained. This is a major task which we intend to pursue. If on the other hand, one assumes each gap soliton type mode to be well approximated by the NLSE, then we have a simpler coupled NLSE model to study. We now describe what are the equations, some results and future work.
Continuous waves and short pulse dynamics in fiber gratings close to zero detuning
Coupled nonlinear mode equations that arise due to the coupling between modes in wave guides with a nonlinear index of refraction have been a topic of research since the early work of Jensen. 18 Recently, Vengsarkar et al. 19 began studies of long period fiber gratings in the linear regime while Eggleton et al. 20 added nonlinear effects. As stated before, what the long period (Ϸ100 m) does, is to allow coupling between core and cladding modes. This is potentially useful not only as an all optical switch, but also gives a very interesting possibility of producing short intense pulses. Indeed, a major problem in generating intense short pulses in fibers, is finding means to efficiently input energy from powerful sources into the small diameter core. With the long period fiber grating, we can envision having the input in a cladding mode ͑that is effectively to input the energy into the bigger cladding structure͒ and to let the coupling transfer this energy into the core.
Consider then two co-propagating modes ͑for example, a core and a cladding mode in a fiber 20 ͒, so that
where j (x,y) is the transverse mode profile, k j ϭ␤ j k 0 is the wave number associated with the mode (k 0 ϭn()/c) and U,V are the slowly varying envelopes ͑Z,T being slow spatial and temporal variables͒. If the fiber has a grating with period P, it will induce strong linear coupling between modes when the resonance condition k 1 Ϫk 2 Ϫ 2/ P Ϸ0 is satisfied. This is the case if PϷ100 m and the dynamics is then described in the NLSE limit by 
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where ␦ϭ⌬n g ( 0 )⌬/ 0 2 , with ⌬n g ϭn g1 Ϫn g2 is the difference between the group indices of the core and cladding modes and 0 being the wavelength of light in vacuum.
Even though this system has been thoroughly studied, an interesting observation is that the intensity dependent shift at which maximal transfer of energy from one mode to another occurs, is ⌬ϭ n 2 I/⌬n g . This property, which has only been derived on heuristic arguments, 20 is relevant to the applications of this device for signal processing. A more rigorous and elegant derivation stems from the fact that the above system has two invariants
and the Hamiltonian
Then at the surface HϭH 0 ϭ(⌬/2 ϩ␦)͉u 0 ͉ 2 Ϫ c 1 /2 ͉u 0 ͉ 4 , corresponding to an input A 1 (zϭ0)ϭu 0 , A 2 (zϭ0)ϭ0, the value ⌬ at which total transmission ͑A 1 ϭ0, A 2 ϭu 0 ͒ happens on this constant surface, is given by the condition:
which results in the condition at resonance (⌬( 0 )ϭ0)
Since the nonlinear coefficients c n , nϭ1,3 depend, respectively, on the core and the cladding modes, one comes to the conclusion that indeed the intensity dependent shift for total transmission is proportional to ͓(n 2,core Ϫn 2,clad )/⌬n g ͔ I as it was expected.
The study of the pulsed regime close to detuning is much more subtle and to our knowledge, has not been explored at all ͑to be more precise, in the small detuning case, ⌬ has always been assumed to be zero͒. In this case, the validity of the transformation in the overall slowly varying envelope approximation ͑SVEA͒ approach is in question. In simple terms, in the SVEA we expand the linear and nonlinear dispersion relation and then substitute kϪk 0 Ϸi ‫)‪Z‬ץ/ץ(‬ and Ϫ 0 ϷϪi ‫,)‪T‬ץ/ץ(‬ thus one should consistently make similar substitutions for terms proportional to Ϫ 0 arising from the Taylor expansion of ⌬. With this in mind, one could envision a formal expansion of the exponential terms in ͑7͒ and ͑8͒ viewed as an operator of the form exp(i(⌬( 0 )z
, where a j are coefficients derived from the linear dispersion relation. It is expected that by only considering the first two or three terms of the expansion, one has a complete enough description. We are currently working on this extended system, by both numerical and theoretical means.
If long period fiber Bragg gratings are used inside laser cavities, then understanding the pulsed regime is fundamental. This is true, because after hundreds of cavity round trips, the effective propagation length is such that both nonlinear and dispersive effects are important. On the other hand, for single pass systems ͑e.g., switches͒, to account for dispersive effects, one requires strong dispersion; this can be accomplished by an additional short period grating in the fiber.
C. Study of pulse dynamics in chirped gratings
One of the most exciting possible applications of fiber gratings is that of an all optical buffer. Indeed, as the bit rate in communications increase, there is a need to improve other network components; these include elements to re-route, insert and extract data. Current networks have electronic buffers, with a known limited capacity.
To date, the best experiments performed on fiber gratings, have pulses traveling at 52% of the speed of light. 13 The possibility of further slowing and even trapping pulses in chirped gratings is both challenging and exciting.
By chirped gratings, one means gratings where the period and/or the grating strength varies along the direction of propagation. An example is when the overall grating consists of a link of several fibers each with a uniform grating, but different than the others. Then, assuming at all times that the pulse central frequency lies outside the frequency gap of every fiber, the governing equation is the NLSE where the coefficients are piecewise constant
We have begun studies of this problem by using the equivalent particle approach ͑EPA͒ 21 as an approximate model for the overall dynamics. It should be pointed out that this approach has been successfully applied to the coupled mode equations, 22 when the coefficients in ͑1͒ and ͑2͒ are functions of the propagation variable Z.
In the NLSE regime, one can show that for small grating mismatches ͑we will call the regime weak chirping͒, there is a variation in the pulse velocity and pulse width and that the pulse dynamics is well approximated by Newton's equations
where x is the position of the peak of the pulse, v is its velocity, and the effective potential U depends on the difference of the coefficients ⌬v g , ⌬⍀Љ between neighbor fibers. The model predicts that for particular periodic structures this equivalent potential has a well ͑or local minimum͒. In the context of the equivalent particle model, this indicates that there is a stable state in which the ''particle'' is at rest. This translates into the existence of a zero velocity stable gap soliton trapped by the structure. Given that this theory only applies for weak chirping, the potential well is a shallow one thus the trapping mechanism is at best weak. Furthermore, there is still the challenge of experimentally exciting this trapped gap soliton, therefore, this realization is still far from being achieved experimentally. Indeed recent experiments 23 show that strong pulse distorsion and even breakup occurs on reflection from chirped fiber gratings; such phenomena cannot be explained by the EPA model. The alternative use of Raman solitons 4 can overcome the need for a strong chirping.
A different grating structure of interest is if the chirping consists of adiabatic changes in the grating, either by a shift of the center frequency gap and/or a variation of the size of the gap. These properties are reflected in the model by having adiabatic variations on the coefficients of the NLSE. For example, if the chirping is such that the frequency of the field slowly approaches the edge of the bandgap, this reduces the value of v g and increases the effective dispersion. Adiabatic pulse compression in such fibers has been experimentally demonstrated.
D. Fiber grating arrays
Recent experiments on the phenomena of light localization and steering in wave guide arrays have opened the possibility of novel phenomena yet to be fully understood, as well as interesting technological applications. Localization happens due to a balance between nonlinearity and the discrete dispersion caused by the nearest-neighbor coupling. Indeed, at small intensities, energy is spread along the array as predicted by the linear theory, but at sufficiently high intensities, light is trapped in only a few channels as experiments demonstrate. 24 These experiments are in the continuous wave ͑cw͒ regime where dispersion is neglected; if on the other hand, this effect can be made relevant, a more exciting dynamics of temporal and discrete compression would occur as predicted in Ref. 25 . If the array consists of fiber gratings and we assume that light propagates outside the bandgap, then one would have a device modeled by a set of coupled NLSE of the form
where n is the index of the fiber in the array. The basic mechanism for compression can be explained by noticing that the continuous limit ͑in n͒, of this system is the 2-dimensional NLSE which predicts collapse phenomena. One can then imagine that if strong temporal compression develops, then the NLSE model breaks down and one has to return to the coupled mode equations, which for the array equations read
where the first index stands for the forward and backward modes in a given fiber and the second index stands for the number in the array. Recently, Luther et al. showed regions of modulational instability for this system. 26 We intend to continue our work beyond the initial stages of the MI regime and expect to demonstrate the formation of localized gap solitons.
E. Gap soliton bullets
Consider a planar waveguide structure with a Bragg grating along the direction of propagation. The interest here is to determine if at sufficiently high intensities, stable bullets could propagate in such device.
The addition of a Bragg grating structure to the wave guide gives an interesting scenario in that if initially the spectral components of the pulse lie outside the gap, the dynamics is well approximated by the 2-dimensional nonlinear Schrödinger equation Then, if the incident pulse q(x,T,0) carries power bigger than the critical power for collapse, one expects a broadening of the spatio-temporal spectra. In particular, the temporal Fourier spectrum broadening, would imply that frequencies of the collapsing pulse would eventually overlap the gap defined by the grating, thus violating the approximation. So contrary to the one dimensional fiber grating, we cannot describe the full behavior by the approximate 2d NLSE; instead one should follow the dynamics of the coupled mode Eqs. ͑1͒ and ͑2͒, with the additional diffraction term. To the author's knowledge, very little is known for such system. 27 I expect to see an experimental demonstration of gap soliton bullets within the next two years.
III. CONCLUSIONS
My attempt on this article is to give a survey and update some of the recent research on nonlinear pulse propagation dynamics in fiber gratings. It is my hope that I can convince the reader of how rich this area is and that indeed fits well into the theme of this special issue. As you can see, there is a large class of problems which have not been explored in much detail. Clearly optical gap solitons have played an important role in past, and ongoing nonlinear optical research, but I expect them to have its greatest impact in the years to come.
